Abstract: Due to their extraordinary quality factor and extreme sensitivity to surface perturbations, Bloch surface waves (BSW) have been widely investigated for sensing applications so far. Over the last few years, on-chip control of optical signals through BSW has experienced a rapidly-expanding interest in the scientific community, attesting to BSW's position at the forefront towards on-chip optical operations. The backbone of on-chip optical devices requires the choice of integrated optical sources with peculiar optic/optoelectronic properties, the efficient in-plane propagation of the optical signal and the possibility to dynamic manipulate the signal through optical or electrical driving. In this paper, we discuss our approach in addressing these requirements. Regarding the optical source integration, we demonstrate the possibility to couple the MoS2 mono-and bi-layers emission-when integrated on top of a 1D photonic crystal-to a BSW. Afterward, we review our results on BSW-based polariton systems (BSWP). We show that the BSWPs combine long-range propagation with energy tuning of their dispersion through polariton-polariton interactions, paving the way for logic operations.
Introduction
BSWs show a high quality factor and extreme sensitivity to surface perturbations combined with an easy fabrication process. Thanks to these properties, BSWs are naturally suited for label-free, fluorescence sensing applications, and, in this context, they have widely expressed their capability in the last decades [1] [2] [3] [4] [5] [6] [7] . Moreover, recent papers have investigated their potentialities for on-chip guiding and manipulation of an optical signal propagating on a 1D photonic crystal [8] [9] [10] [11] [12] [13] [14] . Several studies have followed the lead of the first seminal paper on Bloch surface wave guided modes [8] , engineering the top layer of the distributed Bragg reflector (DBR) stack to achieve optical manipulation of the in-plane propagating BSW. The opening of an in-plane optical bandgap [15] , surface refraction [16] , focusing and sub-wavelength focusing [9, 13] , and the static manipulation of optical signals [12, 14] have been demonstrated in the last years, based on 2D surface optical elements.
However, all these papers show a static modification of the in-plane propagating signal and, consequently, any logic operation-which necessary involves a dynamic manipulation-is prevented. In this context, optical non-linearity has proven to be a powerful tool for achieving logic operations, both in bare optical and exciton-polariton systems [17] [18] [19] [20] [21] [22] .
Exciton-polaritons are quasi-particles arising from the strong coupling between excitons and photons and they behave as interacting composite bosons thanks to their half-excitonic nature. The polariton-polariton interactions-which are responsible for the Kerr non-linearity-have been used for the realization of switching [22, 23] , interferometers [24] , and logic gates [25] . All these works have been performed at cryogenic temperatures (<10 k) in order to prevent Wannier-Mott exciton dissociation (typical of the III-V semiconductors involved in these experiments). In order to get towards realistic applications, we have investigated the possibility of strongly coupling a Bloch surface wave with Frenkel excitons, which are stable at room temperature thanks to their huge binding energy. The resulting Bloch surface wave polaritons (BSWPs) manifest very high speed (>100 μm/ps)-arising from their half-photon nature-and, consequently, macroscopic in-plane propagations. Furthermore, we have experimentally demonstrated the blueshift of the mode eigenenergies when increasing the polariton density, laying the first essential stone for the roomtemperature polariton logic device's realization.
On the other hand, on-chip integration obviously requires an integrated source. Apart from the Frenkel exciton emission observed in BSWP, the integration of sources exhibiting peculiar optical and/or optoelectronic properties is tickling a new generation of optoelectronic devices [26] [27] [28] [29] [30] . In this context, transition metal dichalcogenide (TMDC) monolayers and bilayers have attracted an extraordinary interest in the scientific community over the last decade [28] . This research has led to the realization of photoresistors [31] , transistors [32] , ultrasensitive photodetectors [33] , and biosensors [34] , and the demonstration of the optical control of valley polarization towards spintronic devices [35, 36] .
The paper is organized into two main sections. In the first part, we demonstrate the coupling of the mono-and bi-layer MoS2 emission with a BSW. The MoS2 transition dipole moment is oriented in the plane of the device [37] , allowing for a perfect matching with a TE-polarized BSW mode. Through the coupling with this high Q surface mode, the MoS2 emission can in-plane propagate covering long distances, towards the on-chip control of the TMDC optical signals.
The second part reviews the experimental results on the strong-coupling between Frenkel exciton transitions and Bloch surface waves (i.e., BSWP), starting from the demonstration of the polariton generation to their long-range propagation and non-linear properties.
Coupling MoS2 Mono-and Bi-Layer Emission
MoS2 mono-and bi-layers are exfoliated on top of a DBR made by five pairs of TiO2/SiO2 (101 nm/138 nm) alternating layers deposited on top of a glass substrate. An additional pair of TiO2/SiO2 (14 nm/16 nm) is deposited on top of the photonic crystal in order to adapt the BSW energy dispersion to the excitonic transition of the MoS2 mono-and bi-layer. The MoS2 transition dipole moment (of the lowest energy excited state) lies in the plane of the device [37] , therefore the MoS2 emitted photons experience the best coupling when using a TE-polarized BSW, as in the case under our investigation.
A prism coupler in Kretschmann configuration has been used for the reflectance and emission mapping of the signal lying beyond the critical angle (Figure 1a ). The energy dispersion map is obtained by projecting the back focal plane of the detection lens on an imaging CCD camera placed after a spectrometer-which allows for energy resolution. In the case of the reflection map, the excitation line consists of a white light source focused on the sample (throughout the prism side) and the reflected signal is collected using a goniometric system ( Figure 1a ). The photoluminescence dispersion map uses the same detection line described above, but a 532 nm cw-laser source is focused on the mono-layer and bi-layer directly from the top deposition side. A second white light source is focused through the microscope objective on the sample (similarly to the laser source), while a second camera collects the reflected signal. This second detection line allows for the visualization of the top surface (i.e., deposition side) and helps for the accurate positioning of the laser excitation (FWHM 1 μm) on the mono-or bi-layer structure. Figure 2a shows the real space map-reflectance from the top surface-of the MoS2 mono-and bi-layers. Using this configuration, we can also detect the emission signal (when using the 532 nm laser instead of the white light source) coming from the deposition side ( Figure 2b ). As expected, the mono-layer emission is stronger than the bi-layer one [39] . and bilayer (lower panel) dispersion emission coupled to the BSW (i.e., detected from the prism side and across the total internal reflection regime). The green line defines the lightline dispersion, and the red line the excitonic absortion peak energy.
When detecting the signals coming from the substrate side (i.e., prism coupler side), the monolayer and bilayer photoluminescence coupled to the Bloch surface mode is observed ( Figure  2b ,c, respectively). Because of the BSWs' high sensitivity to surface refractive index variations, we would expect a perturbation of the mono-and bi-layer dispersion with respect to the bare BSW curve.
In the present case, we observe identical dispersions for all these three signals, because most of the emission is propagating out of the MoS2 deposition after its generation, coupling with the BSW of the bare DBR.
Bloch Surface Wave Polaritons
In this second section, we will review the recent results on Bloch surface wave exciton-polaritons (BSWPs). The photon-exciton strong coupling leads to the hybridization of the bare components with the consequent generation of two hybrid eigenmodes, the upper and lower polariton branches.
A first theoretical proposal in 2011 [40] , predicted the generation of BSWP using GaAs quantum wells deposited on top of a DBR. The first experimental demonstration of the formation of a BSWP was simultaneously obtained in 2014 from two different research teams [38, 41] . In both these experimental papers-different from the first theoretical proposal-the excitonic medium is an organic layer. This choice comes with the benefit to work at room temperature, where the oil immersion techniques (useful for the extraction of the signals beyond the critical angle) are available. Indeed, Wannier-Mott excitons (typical of III-V semiconductors, including GaAs) dissociate at room temperature because of their weak electron-hole binding energy, while excitons in organic materials (Frenkel excitons) have a strong binding energy, making them stable also at high temperature. Furthermore, considering that the exciton-photon coupling strength increases with increasing exciton oscillator strength, the huge absorption coefficient (>100,000 cm −1 ) of some of these organic materials-makes them perfect candidates for the obtainment of the strong coupling regime.
In the experiments performed by our team [38] , a 20 nm thick layer is deposited on top of a DBR-identical to the DBR described in the previous section-via spin coating technique starting from a blend of TDBC:PVA (1:1 weight ratio) dissolved in a mixture of methanol:water (1:1 volume ratio). Using the same setup reported in the previous experiments on MoS2, emission and reflection signals lying in total internal reflection regimes are collected. The pinhole positioned at the back focal plane of the detection lens allows for the scan of the dispersion map with an angular resolution of 0.2°.
The TDBC is an organic dye with extremely huge extinction coefficient deriving from its Jaggregating property. The PVA is a polymer with a large energy bandgap (about 5.3 eV), used as a matrix to obtain an homogeneous distribution of the aggregates within the excitation area and to avoid the formation of big TDBC aggregates-which can drastically reduce the quality of the BSW mode.
Scanning the back focal plane of the detection lens with the pinhole, two polaritonic branches are clearly observed when approaching the TDBC exciton transition. Figure 3a shows the typical anticrossing behavior of a polariton system in both reflection and emission measurements. The Rabi splitting is about 45 nm and the FWHM of the polariton modes at the anticrossing point is 14 meV. Figure 3b shows experimental data (black dots) superimposed to the theoretical dispersion map (TMM calculations).
The interest for these particular exciton-polariton modes derives from the fact that these hybrid states exhibit macroscopic propagation. Indeed, both metal-based surface and planar microcavity modes are affected by intrinsic losses, which limit the quasi-particle propagation length. The main drawback of the first one is the metal dissipation, while the low group velocity (about 1% of light speed at maximum) is the main limitation in the propagation of planar microcavity polaritons. On the contrary, BSWPs exhibit group speed which can be higher than 50% speed of light-which is also much larger than the light speed in the excitonic medium-and very low dissipations-thanks to the fact that the supporting structure is almost completely made by dielectric materials. These properties have been accurately investigated and reported in the paper "High Speed Flow of Interacting Organic Polaritons" (G. Lerario et al. Light: Science & Applications 2017, 6, e16212) [42] . Hereafter, we will reassume the main findings. The unavoidable inhomogeneity of the spin coated TDBC aggregates limits the polariton lifetime (because of scattering out of the BSWP mode), and consequently their propagation in the plane of the device. In order to overcome this drawback, a thermally evaporable organic molecule has been used, which guarantees a high homogeneity of the deposition. A 35 nm thick layer of Lumogen Red 305 has been deposited on a photonic crystal (seven couples of TiO2/SiO2, 85 nm/120 nm, respectively) obtaining a Rabi splitting of 186 meV.
Instead of the prism-coupler, a leakage radiation microscope is necessary when detecting the spatial distribution of the polaritons in the plane of the device. This detection system consists of an oil immersion microscope objective placed at the substrate side in order to extract signals lying in the total internal reflection regime. An out-of-resonance excitation source (532 nm) is focused on the sample surface by means of a second microscope objective placed at the deposition side (Figure 4a ). The sketch of the optical setup is in Figure 4a .
The overall in-plane propagation length of the BSWP is about 120 μm. Both a record quality factor and huge group velocity allow for this extremely long propagation distance, which is comparable to the best inorganic microcavity samples, and on the contrary has been achieved using an easy fabrication process and working at room temperature. In particular, the Q-factor is about 3000, which is about 10-times larger than typical values obtained in organic planar microcavities, where the deposition process of a second DBR on top of the organic layer drastically reduces the quality of the polariton modes. On the other hand, the group velocity (around 150 μm/ps at the maximum emission intensity) of the BSWP is about 10-times larger than the maximum velocity achievable in typical planar microcavities.
It is important to note that the observed propagation length is now limited by the extraction of the signal through the oil immersion objective (i.e., such leakage is contributing to the effective total loss), while-differently from planar microcavity modes-the surface flow can last for longer distances if not extracted.
Furthermore, we have studied the polariton-polariton interactions via resonant generation of polaritons. The excitation beam (35 fs pulsed laser) is focused on the sample through the oil immersion objective also used for the detection (Figure 4a ). Using this configuration and working in total internal reflection regime, the detected signal is the reflection of the sample. The slit (S2 in Figure  4 ) along the detection line selects the excitation spot area, cutting off the propagating signal. Because of this selection, the BSWP appears as a dip in the dispersion map (Figure 4c, top left panel) . When increasing the pump power, the polariton resonance blueshifts. Figure 4c (bottom left panel) shows the TMM calculations (solid lines) of the BSWP dispersion when considering an exciton energy of 2.13 eV (blue) and a blue-shifted (8 meV) exciton (red). They perfectly match the experimental values for 150 μJ cm −2 and 10 mJ cm −2 , respectively. The linear dependence with the exciton fraction ( Figure  4 , bottom right) demonstrates that the blueshift is originated by the polariton-polariton repulsive interaction (estimated interaction constant g = 10 −3 μeV μm 2 ).
As shown in Figure 4c (top right panel), the mode blueshift exceeds the mode linewidth, which is a fundamental requirement for the realization of polariton devices, such as switches and logic gates. 
Conclusions
In conclusion, we have demonstrated the emission coupling of the MoS2 mono-and bi-layer emission with a high Q surface mode. The MoS2 transition dipoles are oriented in the plane of the 1D photonic crystal, which allows for a perfect matching with the TE-polarized BSW. Coupled monoand bi-layer emission have the same energy dispersion, which is also identical to the BSW mode dispersion of the bare DBR. Considering the high sensitivity of the BSW to surface perturbations, this result suggests that the coupled emission is mostly propagating out of the small MoS2 stripe (coupling with the BSW of the bare DBR). These results pave the way for an on-chip propagation control and manipulation of the TMDC emission signals.
In the second section, we have reviewed the main results obtained by our group in the field of BSWP. Soon after the first demonstration of the strong coupling between BSW and Frenkel excitons at room temperature, we have demonstrated the in-plane BSWP propagation for macroscopic distances. This result has been achieved thanks to the extraordinary speed of this particular polariton mode, which is close to 50% of the speed of light. Furthermore, we proved the first nonlinear BSWP, which is the dispersion blueshift when increasing the polariton density due to polariton-polariton interactions, demonstrating the extraordinary potential of this system in the field of optical logic devices.
